
152. 

EXPLOSIVE BEHAVIOR OF AMMONIUM PERCHLORATE 

Donna Price, A. R. Clairmont, Jr., and I. Jaffe 

0. S. NAVAL ORDNANCE LABOFtATOKY 
’ White Oak, Si lve r  Spring, Maryland 

The inorganic oxld%zer, ammonium perchlorate ( A P ) ,  i s  widely used 
as a major propellant ingredient. It is, i n  addition, a very in t e re s t -  
ing hlgh explosive because i t s  behavior differs markedly from that of 
conventional explosives such as TNT. 
explosives q c h  exhlbit more ideal detonation behavior a t  hlgh than at  
low porosity. No member of this group has been studied very systemati- 
cally;  only a careful invest lgat ion of t yp ica l  members w i l l  enable u s  t o  
understand these mater la ls  at l e a s t  as well as w e  understand more con- 
ventional explosives. Because AP seems a representative group member, 
bemuse it l e  -treque?l+,ly w e d  as a propellant empaneat, an& because it 
has been extensively s tudied I n  the related f i e l d s  of thermal decomposi- 
t i o n  and combustion, we have started a systematic study of i t s  explosive 
behavior. 
f r o m  our recent work. 

AP i s  a member of a group of 

The purpose of this paper i s  t o  report  the r e s u l t s  obtained 

The detgnation of AP has been studied before, chief ly  by Andersen 
But t h e i r  data had too much sca t te r ,  and d id  not extend and Pesante. 

s u f f i c i e n t l y  far i n t o  the hlgh charge density region t o  demonstrate the 
d i s t i n c t i v e  explosive behavior defined by the  present r e su l t s .  That 
behavior i s  typified by a detonabi l i ty  l imit  curve along which c r i t i c a l  
density increases with c r i t i c a l  diameter, and a f i n i t e  diameter detona- 
t i o n  veloci ty  which Is not uniquely defined by loading density, i.e., 
which exhibits a non-linear curve w i t h  a maximum i n  the detonation 
velocity.  

EXPERIMENTAL 

- A l l  ammonium perchlorate used was propellant grade; it contained 
0.2 t o  1$ tr icalcium phosphate. 
weight-median p a r t i c l e  s i z e s  of 10, 25, and 200 p, respectively.  For 
charge preparation, the material was dried a t  50°C f o r  four hours o r  
longer and packed i n  ce l lu lose  ace t a t e  envelopes t o  form 20.32 cm-long 
cylinders of 1.90 t o  7.62 cm diameter. Compacting was by hand, by hy- 
drau l i c  press, or by i s o s t a t i c  press (followed by machining t o  s ize) ,  
according t o  the charge densi ty  desired and the g r a i n  s i z e  of the per- 
chlorate.  A l l  low densi ty  charges were f i r e d  almost immediately a f t e r  
preparation t o  avoid the formation of small cracks and column separation, 
phenomena whlch occur w i t h  aging. 

The best q u a l i t y  charges were, of course, those prepared i n  the 
i s o s t a t i c  press from the 10  material. 
chlorate  Increased or  as the charge density ( p o )  decreased, charge 
qua l i t y  became poorer. A t  po 1 g/cc, the charges were of such poor 
qual i ty  that only a few small diameter charges prepared from the 10 I.L 
material w e r e  accepted f o r  firing. 

The charges were f i r e d  i n  the experimental setup of Fig. 1 w i t h  
either t e t r y l  or pen to l i t e  boosters. A 70 mm smear camera was used t o  
record the flasher enhanced luminosity of t h e  react ion front .  The cam- 
era was used at a wri t ing speed of between 1 and 3 mm/psec t o  obtain a 

The th ree  l o t s  of perchlorate had 

As the  g ra in  s i z e  of the per- 
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smear t race of the disturbance a t  45" t o  the base of the f i l m .  

The smear camera photographs were of excellent quality, and deto- 
nation velocity was determined from the slope of the trace,  i.e., by a 
l e a s t  square fit  of the l i n e a r  distance - t i m e  data. For the lowest 
resolution, the maximum e r r o r  estimated f rom e r r o r  in reading these 
records i s  1.5s. In over a dozen repl icat ions the maximum deviation 
was also 1.5%; the mean precision was 0.7s. 

RESULTS AND DISCUSSION 

Failiw Reactions 

The first in t e re s t ing  r e s u l t  of t h i s  work I s  that charges of ammo- 
nium perchlorate (of any g ra in  s i z e )  when subc r i t i ca l  a r e  nevertheless 
capable of showing fading but vigorous reaction. 
10 p. and 25 p. materials, under shock from the booster, produced curved 
luminous t r aces  persisting t o  distances as large as 8 - 9 diameters 
down the charge. As the charge diameter was increased toward its c r i t -  
i c a l  value, the curvature of the  t r ace  decreased. It was, therefore, 
almost impossible t o  determine the exact c r i t i c a l  l i m i t s  f o r  the per- 
chlorate; instead, they were bracketted by two dens i t i e s  a t  which 
f a i l u r e  and detonation occurred a t  a given diameter. 

s i t y  of 1.29 g/cc in a 7.62 cm diameter charge. 
be used I n  the available firing f a c i l i t i e s . )  
vigorous reaction pe r s i s t i ng  f o r  two diameters down the charge. 

Such charges of the 

The coarsest material  (200 p) failed t o  detonate a t  i t s  pour-den- 
(Larger charges cannot 

However, it too showed 

Detonability L i m i t s  

The l i m i t  or  f a i l u r e  curve f o r  the 10 p perchlorate i n  the charge 
diameter (d)  v s  po plane i s  approximated I n  Fig. 2. 
are de,  the  diameter a t  and above which detonation propagates, and p a ,  
the density above which detonation cannot occur. 
i ng  c r i t i c a l  density with increasing c r i t i c a l  diameter and the conse- 
quent de f in t t i on  of pc are both opposite t o  those f o r  TNT-like 
explosives. 
investigators on f i n e  AP's. The agreement is v e r y  good i n  view of 
approximating the p a r t i c l e  s i z e  d i s t r ibu t ion  by the median s i z e  and of 
the d i f f i c u l t y  of  determining that median. 

the f i n e r  material. The relevant data are: 

The c r i t i c a l  values 

The trend of increas- 

Figure 2 also shows measurements made by two other 

The l imi t  curve f o r  the 25 p AP was not as well defined as that f o r  

d(cm) Deton. Failure 

3.81 1.02 1.11 
5.08 1.26 1.41 
7.62 - 1. 7 1.56 

- 

This l imi t  curve w i l l  therefore l i e  above and t o  the l e f t  of that f o r  
the f ine r  perchlorate. 
the experimental range of the  present work. 
effect I s  the expected one f o r  a l l  exploeive8,that of increasing d, 

The limit curve f o r  the 200 p material i s  beyond 
The trend of p a r t i c l e  s i z e  



with increasing p a r t i c l e  size.  The shift i n  pa is, however, toward 
lower values for ammonium perchlorate, toward higher for TNT-like explo- 
sives. 

Detonation Behavior Pa t te rn  

The detonation veloci ty  (D) vs po curves a t  various diameters of 
the finest Perchlorate are shown In Pig. 3. Typically the D vs po curve 
a t  fixed d shows detonation velocity Increasing w i t h  increasing density 
t o  a maximum value. Beyond this maxlmuxn, D decreases as po Increases 
unti l  It reaches Its c r l t i c a l  value a t  the failure limit. 

The curve for each diameter has been terminated a t  the c r i t i c a l  
densi ty  given by the smoothed curve of Fig. 2. The l imit  l i n e  of Fig. 
3, which divides the detonation from the failure area, i s  shown as the 
dashed l ine through these terminal points. The curve seems s l i g h t l y  
concave u,msd ERC~ gives the c r i t i c z l  tietorretior. ve1ocit.y (D,) m a 
Punctlon of po at d i f f e ren t  diameters, but a t  fixed pa r t i c l e  size.  

Pig. 4 shows the analogous pattern,  analogously derived, for the 
25 p material. This pattern i s  very like that of Fig. 3; it is, how- 
ever, compressed i n t o  the smaller diameter range which r e s u l t s  from the 
p a r t i c l e  size s h i f t  of the limit curve, d v s  po . A t  any given values 
of d and p,,, the,detonation veloci ty  of the finer perchlorate is greater  
than that of t h e  coarser. This point i s  further i l l u s t r a t e d  i n  P i g .  5 
where the pa r t i c l e  s i ze  e f f e c t  on the D vs pa curves a t  d = 5.08 cm is 
shown. The terminal points  o f  the two curves are on a limit curve 
(indicated by the dashed l i n e )  whlch gives Dc vs po at constant diameter 
but a t  d i f fe ren t  p a r t i c l e  s izes .  

Infinite Diameter Values 

Since most of our D vs po curves are non-linear, our experimental 
range i s  one I n  which diameter e f f ec t  on D is  large. A t  po = 1.0 g/cc 
a l l  data are on the low densi ty  side of the maximum D or, in-pne case, 
a t  the maxirmrm. Under these circumstances, the usual D vs d curve is 
linear (Fig. 6)  and gives  the Ideal value D, of 3.78 d p s e c  a t  po = 
1.01 g/cc i n  good agreement with the comparable value of 3.75 determined 
by Evans e t  a1.6 

For an analogous se l ec t ion  of data at po = 1.26 g/cc the solid 
symbols of Pig. 6 are from the  high density side of the maximum D and 
must be neglected; they would lead t o  values of D, which a r e  too high. 

are extrapolated as i n  the present work, the analogous D, I s  4.85 
instead of the reported 4.37 d w s e c .  

manner at  the higher densi ty  (where detonation behavior is less idea l )  
is too high. Measurements at l a rge r  diameters are necessary t o  decide 
this. Meanwhile the present values have been used i n  P i g s .  3 and 4 t o  
indicate  a portion of the D, vs  po curve. The data f o r  the 25 IL 
material a l s o  extrapolate t o  the saxne curve. 

The remaining data give D, = 4. 9 mm/Crsec a t  po = 1.25 g/cc i n  very 
poor agreement w i t h  the R e f  . value. However, i f  the Ref. (2) data 

Even so, it is  qui te  l i k e l y  that the D value obtained in t h i s  

Reaction Zone Lengths, Reaction Times 

Of the avai lable  diameter e f f ec t  theories,  the curved front theory* 
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seems t o  f i t  our data best. 
zone length by 

Ref. (7) gives the detonation reaction 

a = d (1 - D/D,) (1) 

z =: ( ~ / 3 . 5 )  (1 - D/Di) (2) 

The modified theorye gives  a zone length 

where s i s  the radius of curvature o f  the reaction front .  For the 
reasonable assumption that s I s  d i r e c t l y  proportional t o  d, Eqs. (1) 
and (2 )  a re  ident ical  except f o r  a constant f ac to r  and w i l l  lead t o  the 
same r e l a t i v e  r eac t ion  zone lengths. 

length by 
The reaction t i m e  ( 7 )  is  defined and related t o  the react ion zone 

(3) 
- 

a =  ( D - u )  T 

where E i s  the average p a r t i c l e  veloci ty  between the leading von Neumann 
shock and the C-J plane of the detonation front .  Moreover, according 
t o  the g ra in  burning theory7, 

T = R/kk (4) 

where R i s  the average p a r t i c l e  radius, X the molecular diameter, and k 
the spec i f i c  reaction rate of  a single molecule. 

temperature T,(po). Moreover, these I n f i n i t e  diameter values a r e  lnde- 
pendent of the g ra in  s ize .  
t o  obtain the r a t i o  of the react ion times of the 10 I.L and 25 CL perchlo- 
rate a t  T,. If i n  addi t ion we assume that t h i s  material detonates by a 
g ra in  burning mechanism, w e  can incorporate Eq. (4) i n t o  the r e l a t ions  
t o  obtain 

For each Ideal value Di ( po ), there i s  a corresponding detonation 

Hence Eqs.  (1) or (2 )  and (3) can be used 

(al/aa) = (z l /za)  = ( T 1 , / 7 2 , )  = ( R l / R 2 )  ( 5 )  

where the subscripts 1 and 2 denote 10 and 25 p ammonium perchlorate, 
respectively.  
(5) gives  (Tl,/Tal) = 0.40 0.04 over the range of 0. 0 
g/cc. This is i n  good agreement with the  r a t i o  (R,/S?q =: 10/25 = 0.40, 
a r e s u l t  consistent w i t h  the g r a i n  burning mechanism f o r  the detonation 
of t h i s  material; such a mechanism i s  a l s o  consistent w i t h  i t s  more 
ideal behavior a t  g r e a t e r  porosi t ies .  

Calculation of the r a t i o  of the react ion times by Eq. 
po S 1.20 
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